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Introduction
I Speed Limit of Advussd
e Machinery Trends *>r Conventional Rolling
— Higher Power Density ;of Element Bearings o
— Higher Efficiency Basf .
— Smaller Footprint Lol o '
— Enviro_nm_entally P
Conscientious
— Higher Speeds ol DN = Bearing bore diameter (mm) x Shaft Speed (rpm)
— Higher Temperatures 03 955 1960 1965 1970 1975 1950 1955 1990 1995 2000 2005
— Longer Maintenance e
Cycles o 25-50% of All Gas Turbine
e Technology Advances Maintenance Attributed to
— High Speed Air Bearings Bearing & Lube System
— High Speed Integral e Qil, Tank, Pump, Filter
Motors and Drives e Air Breather Tubes
— S-0-A Aero e Plumbing/Scavenge Lines,

Internal Flow Passages
e Lubrication QOil/Fuel Jets, etc...
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Foil Bearing Technology
Advantages

e Eliminates Many Maintenance Items
— Qil lubrication supply system and plumbing lines
— OIl Filter
— Qil Cooler
— Breather Tubes

e Greater Power Density
— Very High-Speed
— High Temperature
— Low Power Loss Especially for Smaller Engines

o Indefinite Storage for Unmanned Applications
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Foil Bearing Design & Operation

Air bearings consist of a compliantly mounted smooth inner top foil. During
operation there is no contact between shaft and bearing.

e The Smooth Top Foil Provides the Surface for Generating

Hydrodynamic Pressures Which Provide Lifting Forces to Separate the
Shaft and Bearing

e The Compliant Elements Provide Structural Stiffness and Damping
and Accommodate Journal Thermal Growth, Centrifugal Growth and
Misalignment

Housing Fourth Generation MiTi” Foil Bearing

L w e

Top Foil

Temperature
Korolon

2 Compliant in
J-Dimensions
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Design Approach

Assume rotor configuration

¢ Available brg space

Assume bearing geometry <
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S Reynolds Equation with
Create roto:dynamicmodel TurbUIence FunCtlonS
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Critical speed map Static analysis
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> Bearing Analysis
% *
¢ Dynamicbrg coefficients (k, b) h = E =l+e COS(Q— ¢)+ z ai,j (p — 1)
Rotordynamic analysis with
dynamic bearing coefficients

Predicted rotor behavior
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Design Issues

o Total Load Carrying Ability and Size
— Static
— Dynamic

e Rotor-Bearing System Dynamics
— Stiffness
— Damping
— Location Relative to Node

e Thermal
— Maximum Operating Temperature
— Stability and Cooling Flow Required
— Power Loss

e Environment
— Working Gas
— Debris
— Duty Cycle (i.e., starts and stops)
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Foil Bearing Capabilities
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Journal Bearing Damping
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Korolon 1350A & B Coatings

| Test Temperature™ >~ i%
Coating Thickness<@00.0002 - 0.001” (5-25 ) § Z:/; rconel 1750, S e——— %é
Surface Finish <) 2-10 Jin Ra (0.05- 025 Bm) &% Hiice e =
Service Temperatures to 1350°F (730°C) 8 -

Flat Plate Like Particle Deposition

Low Porosity — Dense Coating

Before Test - X5000

Surface Smearing Indicates Possible Ductility

May Contribute to the Low Friction Coefficient

After Test - X5000

After Test - X1000
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Macro scale — 150 mm foil bearing

150 mm Foil Bearing with Hollow Rotor with Hard Chrome Coating
Korolon Coating after High Temperature Testing
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150 mm Bearing at 1200F

’ ; B

150 mm Fail Bearing Under 400 b Radial Load ‘ \ : '\”" J
2500 _ ‘ - N i,
: Speed {20,000 rpm) £LRHIC A n g ‘

Avg Housing Tema - | BOOF+ =

Fail Brg Temp ~1200F

.. | Operated to 27,500 rpm (4.05 MDN)

Temperaiure “F
L

~ Maximum Ambient Temperature to
" date 1500F

' o 120 Ib Rotor Weight
08:44:00 DErda:00 82400 09:44.00 TO00q:00 1 k224:00 10:44-00 110400 o or elg
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Test Results — 150 mm foil bearing = Temewenxe. &
4 Shaft RPM vs. Time
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Shaft Spced (rpm)
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Test of Oil-Free Engine

WJ24-8, 240 Ib Thrust
Engine

Over 14 hours Operation

70 Start Stop Cycles

7 Simulated Mission Cycles

Hot Section Rolling Element Bearing
Eliminated

Oil Mister Eliminated
~ Cost/Weight Reductions to 20%

Increased Life and Performance



Totally Oil-Free Simulator
Tested to 500+F
and
150,000 rpm (115% Speed)

Assembled Test Rig and
High Temperature Inlet

Test Rig, Rotor and Both
Journal and Thrust Bearings

Split Thrust Bearings

One of a Kind Split Thrust
Foil Bearings for Exotic
Material Systems




High Temperature Test Setup

NON DRIVE END

VERTICAL AND HORIZONTAL
DISPLACEMENT

SENSORS

NON DRIVE END JOURNAL

THERMOCOUPLE LOCATION

NON DRIVE END THRUST
THERMOCOUPLE LOCATION

DRIVE END THRUST
THERMOCOUPLE LOCATION

COOLING AIR PATH SPEED
SENSOR

DRIVE END

VERTICAL AND HORIZONTAL
DISPLACEMENT

SENSORS

DRIVE END JOURNAL
THERMOCOUPLE LOCATION

DRIVE AIR IN

LABYRINTH SEAL
RADIAL CLEARANCE
SECTION A—A .0065 INCHES
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Peak Vibration Comparisons — meewsn e Wi

0.10

Displacement (inches x 10™)
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Shaft Riding
e Shaft Airborne and Riding on Hydrodynamic Film
[Lubricant Film
< > <€
Response Horizontal after 10
shock Tests and 1 Hour @ 500+F
\Response with Rotor Vertical
Response with Rotor Horizontal
I I
0 30,000 60,000 120,000 150,000

Speed (rpm)
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Example Impact Shock Test Tecnoroor, e, JAfILl
Shock Test 3 at 100,000 Rpm
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Mesoscopic oil-free turbojet simulator

Housing Fiberoptic
: Speed Probe

Fiberoptic
[D1splacement
Probes

Drive
Aar Inlet

Horizontal operation Vertical operation




Mesoscale Turbine - Alternative Bearings

—— Ball Bearing Loss
—=— Foil Bearings
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Natural Frequency (RPM)

Rotordynamic Analysis — Whirl speed :
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Rotordynamic Analysis - Stability

Logarithmic Decrement
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Rotor system model
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Test Results (contd) reemmoacr e L
0.4 .
, Spectrum for 180° Roll
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Spectrum for vertical operation
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Conclusion-Remarks

e The successful operation of a mesoscopic scale foil
bearing at speeds above 700,000 rpm (4.2 MDN) and a
150 mm foil bearing up to 27,000 rpm (4 MDN) were
demonstrated

e Good correlation between prediction and test achieved

o The design know-how from macroscale system design
was successfully applied to a mesoscale rotor bearing
system

e Foil bearing damping provided stable operation in all
orientations

e The results indicate that the potential for developing a
1:cl mi_Iéilon rpm oil-free turbine rotor system is highly
easible

e Specific potential application include turbojets for micro
and miniature aerial vehicles to General Aviation
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Future Plan

e Alternative bearing design with potential for even
higher damping will be installed and tested

e Development of a complete power system with the
help of academia and industry
— Micro combustor
— Micro compressor
— Micro turbine
— Micro generator



